It is widely recognized that in chronic metabolic alkalosis acid excretion persists despite the alkalinity of the extracellular fluid. In most instances this paradoxical behavior has been attributed to potassium depletion (1) , although depletion of sodium has also been held responsible for restricting the excretion of surplus bicarbonate (2) . There have, however, been no systematic attempts to examine critically the factors that regulate acid excretion in the presence of metabolic alkalosis. In the present study, hydrochloric acid and nitric acid were administered to alkalotic dogs under experimental circumstances designed to explore the mechanisms that control excretion of hydrogen.
Methods
Seventeen balance studies were carried out on 13 female mongrel dogs weighing between 13.1 and 25.3 kg. Before study each dog received commercial dog chow for at least 2 weeks. During each study the dogs were fed approximately 25 g per kg per day of a synthetic diet, the composition of which has been described previously (3) . The intrinsic electrolyte content of the diet was approximately 1 mEq of sodium, 0.2 mEq of chloride, and 0.1 mEq of potassium per 100 g of diet. The diet was homogenized with 1.5 times its weight of water and fed in two approximately equal portions daily. Dogs that did not eat spontaneously were fed by tube.
The following technique, similar to that which has been described previously, was employed to induce metabolic alkalosis (4) . Dogs were fed the low electrolyte, synthetic diet supplemented with sodium and potassium as the neutral phosphate (4 HPO4/1 H2PO4). After 4 days of prefeeding, gastric juice was drained twice each * Submitted for publication August 24, 1965; accepted December 16, 1965 . Supported in part by grants H-759 and HE 5309 from the National Heart Institute.
day under Histalog 1 stimulation. The sodium chloride and water removed in the gastric juice were refed on the same day, but the small amount of potassium that had been withdrawn was not replaced. (The potassium content of the daily diet was far in excess of the potassium that was withdrawn.) Drainage was continued until plasma bicarbonate concentration increased to a level of 30 to 35 mEq per L; in two instances slightly higher values were inadvertently reached. After a steady state of plasma composition had been achieved, balance observations were made for 4 to 7 days before acid feeding. Thereafter, acid loads, as either hydrochloric or nitric acid, were administered. Protocol I: hydrochloric acid to alkalotic dogs. Hydrochloric acid was added to the daily diet until plasma bicarbonate concentration was restored to its control value. Initially 40 mmoles was given each day, but as the control-value was approached, it was necessary in some instances to reduce acid intake to 20 mmoles per day to avoid inducing metabolic acidosis. Balance observations were continued for 5 to 8 days after acid feeding had been discontinued, except in one study on dog 966 in which vomiting occurred on the fourth day.
Two types of electrolyte intake were employed during acid feeding, thus creating two groups within the general protocol. In group IA (five dogs) the daily dietary supplement of 40 mmoles of sodium and 40 mmoles of potassium (as the neutral phosphate) was continued throughout the period of acid feeding and during the period afterwards. In group IB (seven dogs) the sodium and potassium supplement was withdrawn from the diet before the administration of hydrochloric acid; in five of these dogs the electrolyte supplement was withdrawn on the same day that hydrochloric acid administration was begun, and in the remaining dogs the administration of hydrochloric acid was delayed until 7 days after the supplement had been withdrawn. (5) . Since the response to nitric acid was essentially the same in dogs rendered alkalotic by either method, the data from the entire group have been pooled and will be considered together in the remainder of the paper. Throughout these studies, the electrolyte-free diet was supplemented with 2.4 mmoles of potassium and 1.2 mmoles of sodium per kg of body weight each day as neutral phosphate. Blood and urine pH were measured anaerobically at 370 C with an Epsco medical blood parameter analyzer.
Plasma and urine total carbon dioxide content were determined manometrically. Electrolyte concentrations of diet, stool, and gastric juice were measured on nitric acid extracts. Chloride was measured in plasma, urine, and gastric juice with an Aminco Cotlove chloride titrator and in diet and stool by potentiometric titration with silver nitrate. Nitrogen was determined by the Kjeldahl method, inorganic sulfate gravimetrically as barium sulfate, and organic acids by the method of Van Slyke and Palmer (6) . The remaining measurements were made with the Technicon autoanalyzer, with, where necessary, appropriate modifications of the following methods: sodium and potassium by flame photometry; creatinine by the method of Chasson, Grady, and Stanley (7); phosphate by the method of Fiske and Subbarow (8); ammonium by the method of Logsdon (9); and nitrate by the method of Engelbrecht and McCoy (10) . Daily balance was calculated as net intake minus combined output in urine, stool, blood, and gastric juice. Each 20 ml of blood was considered to contain 3 mEq of Na, 2 mEq of C1, and 0.6 g of nitrogen. Potassium balance was corrected for nitrogen balance with a value of 2.7 mEq of potassium for each g of nitrogen. Titratable acidity was calculated from urine pH, blood pH, and the urinary phosphate content, with a pK'a of 6.8. Urinary net acid excretion was calculated as ammonium plus titratable acidity minus bicarbonate. Electrolyte and volume shifts were calculated in the usual manner from changes in "chloride space," assuming an initial extracellular fluid (ECF) volume of 20% of body weight. Bicarbonate concentration and Pco2 were calculated from the Henderson-Hasselbalch equation, assuming a pK'a of 6.10, and a solubility coefficient of 0.0301 for blood and 0.0309 for urine. Mean pH for each group of data was calculated by converting individual pH determinations to hydrogen ion concentrations, averaging these values, and restoring this average to pH units. Plasma unmeasured anion concentration was calculated as (Na+ + K+) -(Cl + HCOs-+ NOi-).
Results
Protocol I: hydrochloric acid to alkalotic dogs After gastric drainage and before acid feeding, plasma composition and cumulative electrolyte balances of the dogs used in Protocols IA and IB were virtually identical. Mean cumulative balances were, respectively, chloride, -115 and -104; potassium, -111 and -125; and sodium, + 1 and + 16 mEq. In both groups mean plasma potassium concentration was 2.6 mEq per L.
Protocol IA. Hydrochloric acid was administered during continued intake of neutral sodium and potassium phosphate (five dogs). A representative study is shown in Figure 1 and Table I Figure 2 shows a representative study in which sodium and potassium phosphate were withdrawn from the diet of an alkalotic dog and hydrochloric acid was fed immediately thereafter. Acid-base data for all studies of this type are shown in Table III In contrast to Protocol IA, acid excretion did not increase in the present study. Instead, acid excretion promptly decreased to, and ultimately stabilized at, a value 15 mEq per day lower than that of the period preceding acid administration. Excretion remained at this lower value throughout the period after acid feeding, but plasma bicarbonate concentration and pH stabilized at normal levels.
Sodium and potassium. In contrast to the retention of sodium and potassium observed in Protocol IA, there was a slight loss of each of these cations, external balance of sodium averag- The cumulative excretion of + 59 mEq in one dog (no. 959) and -55 mEq in the other (no. 970) at the end of the study was due almost entirely to minor variations in daily acid excretion during the period after acid feeding. Apparently, then, the withdrawal of sodium and potassium phosphate rather than the administration of hydrochloric acid was responsible for the reduction in daily net acid excretion observed in the studies in which these maneuvers were performed simultaneously. Since plasma bicarbonate concentration achieved a new steady state despite the reduction in daily net acid excretion, it would appear that the decreased acid excretion resulted from a fall in endogenous acid production. It can be estimated that for the seven dogs studied with Protocol IB a mean of 57 of the 99 mmoles of administered acid was buffered outside the extracellular space.
Miscellaneous. Body weight and plasma creatinine concentration did not change significantly in any of the seven dogs. Mean nitrogen balance was slightly positive (average, + 6.6 g). Plasma unmeasured anion concentration' decreased by a mean of 4 mEq per L during correction of alkalosis. Urinary sulfate and organic acid excretions (measured in three dogs) were essentially constant throughout the study.
Protocol II: nitric acid to alkalotic dogs
After the induction of alkalosis plasma electrolyte composition was virtually identical to that of the animals used in Protocol I. Balance studies were not carried out during induction of alkalosis, since previous studies (4, 5) as well as balance data for the dogs studied with Protocol I provided adequate information on the magnitude of the electrolyte loss (i.e., a moderate potassium and chloride loss with little or no sodium deficit). A representative study (no. 930) is presented in Figure 3 , and electrolyte balance data for all studies of this type are shown in Table IV .
Acid-base ( Figure 4) . Administration of 55 to 58 mmoles per day of nitric acid induced a fall in mean plasma bicarbonate concentration from 33.4 mEq per L (pH 7.55) to a nadir of 25.0 mEq per L (pH 7.48). These latter values for bicarbonate and pH, which were reached on the second or third day of acid administration, were significantly higher (p < 0.01) than the mean control values of 21.9 mEq per L and pH 7.43; in none of the animals was plasma bicarbonate concentration or pH fully restored to normal. Despite the continued administration of nitric acid for an additional 3 to 4 days, plasma bicarbonate concentration increased slightly. Within 5 days after acid feeding had been discontinued, bicarbonate concentration rose to, and stabilized at, a mean of 34.4 mEq per L (pH 7.54), a value not significantly different from that of the period before acid feeding.
Mean urine pH decreased from 6.1 during the period before acid administration to 5.6 by the fourth day of nitric acid administration. Concomitantly, mean net acid excretion progressively increased so that by the fifth and sixth days of acid administration, at a time when plasma bicarbonate concentration averaged 27.0 mEq per L (pH 7.50), the daily increment in acid excretion approximated the daily acid load. Most of this increment was due to an increase in ammonium excretion. Within 3 to 4 days after discontinuing nitric acid mean urinary net acid excretion and I day within 2 days after acid had been discontinued. The cumulative increase in urinary nitrate excretion for the entire study averaged 285 mEq. Mean plasma nitrate concentration rose from a value of 2.5 before acid ingestion to 11.2 mEq per L during nitric acid administration, and then decreased to 5.8 mEq per L by the end of the period after acid feeding. Urinary chloride excretion, usually undetectable during the control period, averaged 2 mEq per day during the period of acid administration. Mean plasma chloride concentration decreased slowly from 89 mEq per L during the period preceding acid ingestion to 85 mEq per L at the end of the period after acid ingestion. It is not clear whether this decrease was due to the loss of chloride in blood specimens and urine, to a slight expansion of the extracellular fluid space related to sodium shifts, or to both.
Potassium and sodium. Mean plasma potassium concentration decreased from 2.8 to 2.6 mEq per L in association with a negative balance of approximately -25 mEq. Neither plasma sodium concentration nor external sodium balance changed appreciably during the study.
Miscellaneous. Urinary excretion of phosphate, measured in all dogs, and of sulfate and organic acid, measured in two, did not change significantly throughout the study. Nitrogen balance was slightly positive in all studies (Table IV) . Measurements of plasma creatinine concentration in three studies demonstrated no significant change. In none of the studies were there significant changes in body weight or ECF volume. Plasma unmeasured anion concentration decreased by an average of 2 mEq per L during acid administration and then returned to values observed in the preacid period.
Discussion The present studies demonstrate that administration of hydrochloric acid to an alkalotic dog ingesting sodium and potassium (as phosphate) induced prompt acidification of the urine and increased acid excretion while frank alkalosis was still present. Moreover, the magnitude of the cumulative acid loss was such that approximately half of the administered acid was diverted into the urine and correction of the alkalosis was significantly retarded. The data indicate that a shift in extracellular pH towards normal cannot be invoked to account for the increased acid excretion; in dogs ingesting a diet deficient in sodium and potassium, there was no renal response to hydrochloric acid despite a rapid fall in plasma pH and bicarbonate concentration, whereas in the dogs ingesting the cation supplement there was a marked increase in acid excretion accompanied by a slower fall in pH and bicarbonate concentration.
As shown in Table II , the augmented acid excretion took place in association with a virtually equivalent retention of sodium and potassium, indicating that these two events were closely linked. These data do not, of course, distinguish between a primary increase in hydrogen excretion inducing retention of sodium and potassium or a primary retention of these cations leading to increased acid excretion. On the other hand, the companion studies in which hydrochloric acid was fed with a diet free of sodium and potassium indicate that retention of cation is a prerequisite to the renal loss of acid.
As background to a consideration of these experimental findings, it should be pointed out that an animal in a steady state of hypochloremic alkalosis (as in the control period of the present study) cannot retain sodium and potassium when these ions are administered with a poorly reabsorbable anion such as phosphate (4) . However, when administered with a reabsorbable anion such as chloride, these ions are promptly conserved (4, 5, 11) . In the present study, when chloride was provided as hydrochloric acid, the reabsorbable anion permitted sodium and potassium present in the diet to be retained but only at the price of leaving the phosphate anions stripped of the cations with which they had entered the body. It might be postulated, therefore, that the excretion of hydrogen took place in response to the need to maintain electroneutrality; it obviously was not directed at correcting the existing disturbances in acid-base equilibrium.
These observations are in keeping with previous acute experiments demonstrating that retention of sodium without retention of equivalent amounts of anion can induce acidification of the urine and acceleration of acid excretion in normal man and dog (12) (13) (14) . Similar changes in the acid-base composition of the urine have been noted during the sodium retention induced by acute re-ductions in glomerular filtration rate, whether produced by aortic clamping (15) or quiet standing (16) . Furthermore, it has been noted that in chronic metabolic acidosis ammonium excretion does not correlate in a quantitative fashion with the magnitude of the extracellular acidosis or with the reduction in urine pH (17, 18) ; this finding has also been attributed to increased tubular reabsorption of fixed cation in the presence of obligatory anion excretion ( 18) .
The data we have so far considered define the renal response when a hydrogen load is given with a reabsorbable anion, chloride, which the alkalotic dog can completely conserve. By contrast, the data on nitric acid allow one to examine the response to a hydrogen load given with a poorly reabsorbable anion. When nitric acid was administered to an animal ingesting sodium and potassium, plasma bicarbonate concentration decreased but did not return to normal values despite the administration of considerably more acid than in the previous hydrochloric acid studies. Furthermore, when nitric acid was discontinued, bicarbonate concentration promptly returned to its initial alkalotic level. Despite the persistence of systemic alkalosis throughout the period of acid feeding, acid excretion rose and ultimately nearly all of the administered acid was recovered in the urine. In contrast to the hydrochloric acid experiments there was no retention of sodium or potassium; instead, increased excretion of hydrogen occurred in parallel with an increase in excretion of nitrate. It would thus appear that obligatory excretion of the poorly reabsorbable anion, rather than retention of cation, was responsible for the diversion of acid into the urine.
From a consideration of the data in the hydrochloric and nitric acid experiments we suggest that the demand for sodium conservation, the reabsorbability of available anions, and the extent to which potassium and hydrogen can meet the need for cation exchange were the determinants of acid excretion. The excretion of acid did not depend either on the state of body potassium stores or on the acid-base status of the organism as reflected by extracellular pH or the amount of acid retained and transferred into cells. We tentatively propose, therefore, that acid excretion in uncomplicated metabolic alkalosis is not controlled by the acidity of renal tubular cells, and that cellular acidity is important only to the extent that it influences the amount of hydrogen that will be contributed when there is a demand for cation at the exchange site. An alternative formulation of these data would be that acid excretion is directly controlled by the potassium content and acidity of the renal tubular cells; this latter explanation requires that dogs receiving hydrochloric acid together with sodium and potassium phosphate have a decrease in the potassium content of renal tubular cells despite a positive body balance of potassium and that dogs receiving an electrolyte-free diet (and becoming increasingly potassium depleted) have renal potassium content restored to normal. It further requires the assumption that the dogs ingesting sodium and potassium and retaining less acid than in the electrolyte-free studies have a greater accumulation of acid in their tubular cells. There is no known physiologic basis for such behavior of the kidney, but without data on tubular composition, such a possibility cannot be excluded.
Selective depletion of hydrochloric acid as the means of inducing alkalosis was chosen because it appeared to provide the least complicated experimental model. Alkalosis can be produced in this fashion with little or no concomitant depletion of sodium or water and with only a modest potassium deficit. Furthermore, the continued administration of liberal quantities of sodium and potassium in the diet provided the opportunity for as much retention of these cations as can occur in the face of hypochloremia and chloride deficiency. In fact, the only ion denied the animals was chloride, a restriction essential to the maintenance of the alkalotic state. Obviously, the data from the present studies do not throw any light on the control of acid excretion during the alkalosis of hyperadrenalism, since it is well known that availability of chloride is not the key to the maintenance of such alkalosis, sodium chloride administration having no significant therapeutic effect.
The hypothesis proposed earlier to account for the handling of nitric acid loads could also account for the steady state excretion of endogenous acid in uncomplicated metabolic alkalosis. Since acids that are end products of metabolic activity (19) all have anions that are poorly reabsorbable (phosphate, sulfate, organic anions), the kidney is confronted each day with circumstances similar to those in the nitric acid experiments, i.e., there is a leak of poorly reabsorbable anion that might well induce excretion of the hydrogen ion with which it, in effect, was delivered to the extracellular fluid. This mechanism for the control of acid excretion would appear to be self-defeating since it prevents correction of alkalosis. On the other hand, if the endogenously produced hydrogen were to be retained and the alkalosis corrected, either fixed cation (i.e., sodium and potassium) would have to be lost, or the anions of the endogenous acids would have to be retained. Since these anions apparently cannot be retained, the alternative to maintenance of alkalosis is the development of a further substantial deficit of fixed cation; in all likelihood this alternative would have consequences for the organism more serious than the failure to correct alkalosis.
Summary
To examine the factors governing the renal excretion of acid in metabolic alkalosis, we administered hydrogen loads as hydrochloric or nitric acid to alkalotic dogs maintained on a chloride-free diet. The data demonstrate that, when sodium and potassium phosphate were present in the diet, the administration of hydrochloric acid led to a marked retention of sodium and potassium accompanied by an equivalent loss of acid. Acidification of the urine and increased acid excretion occurred even when plasma bicarbonate concentration and pH were still at frankly alkaline levels. Nearly half of the administered acid load was diverted into the urine during the restoration of normal acid-base equilibrium. On the other hand, when cation retention was prevented by removing sodium and potassium from the diet before hydrochloric acid administration, renal acid excretion did not rise, and alkalosis was fully corrected by administration of a far smaller quantity of acid.
When nitric acid was administered to alkalotic animals receiving sodium and potassium phosphate, there was also prompt acidification of the urine and an increase in acid excretion; in all other respects, however, there was a remarkable contrast to the comparable hydrochloric acid experiment. Neither sodium nor potassium was retained, and plasma bicarbonate concentration, although it decreased slightly, returned to the initial alkalotic level when acid loading was discontinued. By the completion of the study, nearly all of the administered nitrate had been recovered in the urine together with an equivalent quantity of hydrogen; it would thus appear that the obligatory excretion of nitrate, a poorly reabsorbable anion, was responsible for the increased excretion of hydrogen.
On the basis of these studies, we suggest that the demand for sodium conservation, the reabsorbability of available anions, and the extent to which potassium and hydrogen can meet the need for cation exchange determined what fraction of each acid load would be excreted. We tentatively propose that acid excretion in uncomplicated metabolic alkalosis is not controlled by the acidity of renal tubular cells and that cellular acidity is important only to the extent that it influences the amount of hydrogen which will be contributed when there is a demand for cation at the exchange site.
